Low ozone and low water vapour values near the tropopause over Kunming, China were observed using balloonborne measurements performed during the SWOP (sounding water vapour, ozone, and particle) campaign in August 2009 and 2015. Here, we investigate low ozone and water vapour signatures in the upper troposphere and lower stratosphere (UTLS) using FengYun-2D, FengYun-2G, Aura Microwave Limb Sounder (MLS) satellite measurements and backward trajectory calculations driven by both ERA-Interim and ERA5 reanalysis data. Trajectories with kinematic and diabatic vertical velocities 5 were calculated using the Chemical Lagrangian Model of the Stratosphere (CLaMS) trajectory module. All trajectory calculations show that air parcels with low ozone and low water vapour values in the UTLS over Kunming measured by balloon-borne instruments originate from the western Pacific boundary layer. Deep convection associated with tropical cyclones over the western Pacific transports boundary air parcels with low ozone into the cold tropopause region.
All vertical profiles of temperature, ozone, and water vapour mixing ratios over Kunming in August 2009 are shown in Fig.   2 . The minimum temperature of 192.3 K occurs on 8 August (Fig. 2a ). The lapse rate tropopause potential temperature on 8
August is located at 381.3 K. Ozone mixing ratios in the upper troposphere ranged from 40 ppbv to 120 ppbv in August 2009. 130 Ozone mixing ratios observed on 8 August show low values in the potential temperature layer between 376 K and 384 K, with a minimum value of 35 ppbv around 378 K (Fig. 2b) . Simultaneously, water vapour near the tropopause on 8 August is also very low, around 2.5 ppmv at 378 K (Fig. 2c ). Low ozone and low water vapour mixing ratios near the tropopause on 8 August are strongly correlated, marked by the shaded regions in Fig. 2 . It is necessary to mention that Bian et al. (2012) highlight this low ozone and low water vapour values using the same observation data. They argue that the rapid convective uplift and the 135 low temperature near the tropopause are the reason for these coinciding low ozone and low water vapour values. However, they only offer limited explanation on the detailed reasons, which are investigated and discussed in the following subsections. Figure 3 shows the 5-day average (4-8 August 2009) of the geopotential height isolines (>16.7 gpkm) at the 100 hPa pressure level with the temperature (shaded), horizontal wind vector, and tracks of typhoon Morakot from the ERA-Interim reanalysis 140 data. Isolines are used to denote the scope of the ASM anticyclone. Morakot formed early on 2 August, within a monsoon trough about 1000 km east of the Philippines. Morakot moved westward since 4 August, and arrived at the south of Naha on 6 August. During the period 4-8 August 2009, the southeastern edge of the ASM anticyclone was located above the top of 6 https://doi.org/10.5194/acp-2019-816 Preprint. Discussion started: 24 September 2019 c Author(s) 2019. CC BY 4.0 License. the typhoon and covered the lowest temperature region (<192 K). Similar results can also be obtained from the ERA5 analysis data (not shown). 
Background meteorology

Low ozone in the tropopause layer
A balloon was launched in Naha, Japan on 4 August 2009 before the typhoon Morakot passed through this site. Low ozone values (35 ppbv) appeared at the layer between 360 K and 370 K (Fig. 4a ). The observed mean ozone value of 10 years (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) (2016) (2017) in this layer is about 80-120 ppbv. The balloon on 8 August in Kunming also captured the extremely low ozone structure, but at the layer between ∼376-384 K. The altitude of the low ozone appearing in Kunming on 8 August is higher than that 150 in Naha on 4 August 2009. Low ozone values near the tropopause within the ASM anticyclone were also found in Lhasa in 2013 (Li et al., 2017) , which are caused by the combination of the rapid vertical transport from typhoon convection and the horizontal transport at the edge of the ASM anticyclone. The ERA-Interim and ERA5 temperature and ozone data were interpolated to the balloon tracks on 8 August. Note that the balloon data were not assimilated into the ERA5 and ERA-Interim reanalysis. Compared to balloon observation, the ERA5 temperature profile shows a lower value than ERA-Interim temperature ERA-Interim and ERA5 reanalysis data. Air parcels originating from the western Pacific were transported to the tropopause layer under significant influence of typhoon convection, then affected by the easterly wind flow at the south flank of the ASM anticyclone. Subsequently, air parcels moved horizontally via Naha, Ishigakijima, Taipei, Xiamen, Ganzhou, Chenzhou, then to Kunming according to backward trajectories projected on the map (Figs. 5a-d). The convection associated with typhoon Morakot transported ozone-poor air from the marine boundary layer to the tropopause layer, these low ozone values were 165 captured as these air parcels moved westward to Naha and Kunming. Trajectories from ERA-Interim and ERA5 reanalysis data show the lowest temperature region (<190 K) in the tropopause layer over Taiwan and Ishigakijima except the ERA-Interim kinematic trajectories. The main difference of the backward trajectories is the vertical transport over the western Pacific, where tropical cyclones may occur (Figs. 5e-h). Large-scale slow descent processes (∼1-2 K/day) can only be seen clearly from ERA-Interim kinematic trajectories (Fig. 5e ). This is consistent with Ploeger et al. (2011) who showed much stronger vertical 170 dispersion for ERA-Interim kinematic trajectories. Although all of the backward trajectories display the vertical transport within deep convection, the timescale and the strength of air parcels' vertical transport processes are different according to the backward trajectories as a function of time and isentrope. The timescale of the vertical transport from the lower troposphere to the tropopause layer based on ERA-Interim diabatic trajectories is about 4 days from 1 August to 5 August (Fig. 5f ). In contrast, the vertical transport timescale based on the ERA5 kinematic and diabatic trajectory calculations is 2 days around 4-5 August 175 (Figs. 5g and h). Both the kinematic and diabatic trajectories from ERA5 display faster vertical transport than ERA-Interim.
It is very likely that ERA5 resolves more convective events (e.g. Fig. 1 ), due to its better spatial and temporal resolution. Hoffmann et al. (2019) have also shown that tropical cyclones are represented better in ERA5, compared to ERA-Interim reanalysis data. (Fig. 7a) . The ERA-Interim diabatic trajectories were located further at the northern edge of the typhoon. One day later, all trajectories arrived at Naha site over the western Pacific region (Fig. 7b ). Air parcels continue to move westward towards Kunming under clear sky conditions during the last two days ( Figs. 7c and d) .
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In order to investigate the variation of water vapour mixing ratios at the top of the typhoon convection, Figs. 8a and b show the temperature along the 4-day backward trajectories of air parcels at 376-384 K on 8 August 2009 with the brightness temperature from FY-2D (grey dots). The y-axis of Figure 8 represents a vertical altitude coordinate (decreasing temperatures). The brightness temperature was interpolated from FY-2D onto the locations of air parcels from the ERA-Interim and ERA5 diabatic trajectory calculations and was used to denote the cloud top temperature. ERA-Interim diabatic trajectories show that 195 air parcels were located right above the deep convection according to the brightness temperature from FY-2D from 5 August, 00:00 UTC to 6 August, 12:00 UTC (Fig. 8a) . Compared to ERA-Interim trajectories, ERA5 diabatic trajectory calculations show different results, in particular that the brightness temperature from FY-2D is lower than air parcels' temperature (187 K) on 4 August (Fig. 8b) . In other words, the cloud top is higher than air parcels' altitude. The saturation water vapour mixing ratio (SMR) is estimated using the temperature along the backward trajectories of air parcels according to the Goff-Gratch equation 200 (Goff and Gratch, 1946; Murphy and Koop, 2005) . The minimum SMR appears on 5 August, at 12:00 UTC, corresponding to the lowest temperature region ( Figs. 8c and d) . Before air parcels enter the lowest temperature region, several profiles of water 07:00 UTC to 6 August, 12:00 UTC in 2009. Although MLS water vapour profiles usually show mean values of a 3-4 km wide vertical layer, the value corroborates that air parcels become dry, with water vapour mixing ratios decreasing from 5 ppmv to 3 ppmv. The relative humidity over ice (RH i ) is calculated by dividing the water vapour mixing ratio by the SMR (Figs. 8e and f). Air parcels have experienced supersaturation (RH i up to 180 %) over the lowest temperature region according to ERA5 210 diabatic trajectories. ERA-Interim diabatic trajectories missed supersaturation, mainly due to higher temperatures along the trajectories of air parcels. Air parcels become dry after they passed through the lowest temperature region. CALIPSO total attenuated backscatter shows cirrus at the altitude of 17 km on 5 August around 18:00 UTC (not shown). The thin cirrus, in turn, provides evidence that dehydration is occurring over the lowest temperature region. As a conclusion, freezing and drying processes during the lagrangian air parcel history contribute to the low water vapour mixing ratios found over Kunming in 
Case 2: 10 August 2015
Vertical profiles of temperature, ozone, and water vapour measured over Kunming in August 2015 are shown in Fig. 9 . The potential temperature of the lapse rate tropopause on 10 August 2015 is about 383.7 K. The tropopause height in Kunming is usually higher than in the other regions at the same latitude, based on its location within the ASM anticyclone (Bian et al., 220 2012). On 10 August, the temperature between 365 K and 376 K shows higher values than on other days. Ozone mixing ratios near the tropopause in August 2015 show a good agreement, except for 10 and 11 August, when much lower ozone mixing ratios are recorded. The ozone vertical profile observed on 10 August 2015 shows extremely low ozone mixing ratios between 364 K and 390 K, with a minimum value of 22 ppbv around 368 K. These low ozone values were also measured on 11 August 2015, with a minimum ozone value of 30 ppbv near 373 K. Low ozone values near the tropopause in 2015 are lower than the 225 values observed on 8 August 2009. The variability of water vapour near the tropopause is smaller, with values from 4 ppmv to 18 ppmv. On 10 August, water vapour mixing ratios are as low as 5 ppmv around 380 K. Unfortunately, water vapour mixing ratios on 11 August are not useful after quality control, because the CFH instrument entered a thick cloud. Therefore, we only focus on the low ozone and low water vapour values (shaded range) near the tropopause on 10 August 2015. 
Low ozone in the tropopause layer
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A balloon was launched at Naha site, Japan on 5 August 2015 before typhoon Soudelor passed through. As Fig. 11b shows, low ozone values (22 ppbv) appeared between 352 K and 368 K. This further confirms that deep convection associated with the typhoon Soudelor can uplift air parcels from the boundary layer with low ozone to the tropopause layer. Balloon measurements on 10 August over Kunming captured extremely low ozone between ∼363-382 K (∼14.5-17.5 km) with mixing ratios around 22 ppbv as shown in Figure 11c . Temperatures and ozone from ERA-Interim and ERA5 reanalysis data were interpolated to the 250 balloon ascent profile. The temperatures from ERA-Interim, ERA5, and radiosonde agree very well in the free troposphere and in the lower stratosphere. However, the temperatures from ERA-Interim and ERA5 differ from the radiosonde measurements at the tropopause. The ERA5 ozone profile is in better agreement with ozonesonde measurements in Kunming, especially in the tropopause region, compared to ERA-Interim in August 2015.
A comparison of diabatic and kinematic trajectory calculations is shown based on ERA-Interim and ERA5 reanalysis in Fig.   255 12. Air parcels from the western Pacific, merged in the easterly wind flow at the southern flank of the ASM anticyclone, via the lowest temperature period based on ERA5 diabatic trajectory calculations. Freezing and drying processes contribute to the variability of water vapour mixing ratios observed over Kunming in August 2015 again.
Discussion and conclusions 290
The low ozone and low water vapour mixing ratios near the tropopause measured on 8 August 2009 and 10 August 2015 in Kunming are investigated using balloon measurements, satellite measurements, and CLaMS simulations. MLS ozone and water vapour measurements and trajectory calculations from the CLaMS model confirm that the vertical transport is largely caused by tropical cyclones and the horizontal transport is caused by the ASM anticyclone. The interplay between tropical cyclones and the ASM anticyclone exerts a major influence on transporting the ozone-poor western Pacific boundary air to the 295 tropopause layer and even to the ASM anticyclone region. This interplay is consistent with a former study by Li et al. (2017) analysing low ozone values in Lhasa measured in August 2013. The deep convective clouds associated with tropical cyclones have considerable implications on ozone in the UTLS (Fu et al., 2013; Li et al., 2017) and in consequence other chemical species, such as hydroxyl radical (Rex et al., 2014) . Figure A1 compares the geopotential height and horizontal wind speeds at 150 hPa on 4, 5, and 6 August 2009 between ERA-Interim and ERA5 reanalysis data. The geopotential height from ERA-Interim and ERA5 data shows a similar pattern. The horizontal wind fields also show the same pattern, but the ERA5 wind fields display more small-scale structures.
